Acute promyelocytic leukemia, a form of acute myeloid leukemia, is characterized by cell differentiation arrest at the promyelocyte stage. Current therapeutic options include administration of all trans-retinoic acid (ATRA), but this treatment produces many side effects. ATRA is known to induce differentiation of leukemic cells into granulocytes, but the mechanism of this process is poorly studied. We performed comparative proteomic profiling of HL-60 promyelocytic cells at different stages of ATRA-induced differentiation to identify differentially expressed proteins by high-resolution mass spectrometry and relative quantitative analysis without isotope labels. A total of 1162 proteins identified by at least two unique peptides were analyzed, among them 46 and 172 differentially expressed proteins were identified in the nuclear and cytosol fractions, respectively. These differentially expressed proteins can represent candidate targets for combination therapy of acute promyelocytic leukemia.
At the time of the first description of the nosological entity in 1950s, acute promyelocytic leukemia (OPL) was characterized by high mortality rate, primary due to hemorrhagic complications. The median survival was less than 1 week. The disease poorly responded to treatment: the first available therapy with 6-mercaptopurine led to remission in only 5-14% patients; introduction of anthracyclines (including daunorubicin) made it possible to increase the probability of remission to 58% [4] . Discovery of differentiation-inducing effect of all trans-retinoic acid (ATRA) on leukemic cells and introduction of differentiating therapy into clinical practice made a revolution in the treatment of OPL and led to an increase in 5-year complete remission rate to 85% [23] . The main complications of ATRA monotherapy is the development of drug resistance and the risk of severe side effect, so-called differentiation syndrome or retinoic acid syndrome. In some cases, a good clinical result can be achieved due to combination of ATRA with other drugs, such as arsenic trioxide and idarubicin [8, 10] . This combination therapy allows reducing the dose of ATRA and, consequently, the risk of complications and side effects associated with differential therapy. Thus, the search for new ATRA agonists is an urgent problem of modern oncology.
The search for new potential targets of tumor therapy is a laborious process and screening of potential regulators of biological processes such as differentiation and proliferation is a very important step in this process. Proteomic approaches, primarily mass spectrometry, are a suitable tool in detection of molecules involved in the realization of cell fate and having therapeutic potential [1, 3, 26] . Regulatory molecules, such as cell receptors (e.g. c-kit [12] ) and molecules of signal pathways, e.g. mammalian target of rapamycin (mTOR)-mediated autophagy pathway, are generally considered among potential targets [11] . Many differentiation-related molecules, including transcription factors acting as biological signaling end-points, are located in the cell nucleus. In light of this, it seems interesting to study the dynamics of nucleus proteome of OPL cells in response to treatment with differentiation inducer ATRA.
Our aim was to identify nuclear proteins, whose content changes during ATRA-induced granulocyte differentiation of HL-60 cells, and that can serve as potential targets of combined therapy of promyelocytic leukemia. HL-60 promyelocytic leukemia cell line was chosen as the model because these cells differentiate into mature granulocytes under the action of ATRA [12, 18] .
MATERIALS AND METHODS
Cell cultures. Cell culture line HL-60 were obtained from the Cryobank of the V. N. Orekhovich Research Institute of Biomedical Chemistry. After defrosting, the cells were cultured in RPMI-1640 growth medium with 10% fetal calf serum, 100 U/ml penicillin, 100 U/ ml streptomycin, and 2 mM L-glutamine (all reagents were from Gibco) in a CO 2 incubator under standard conditions (37 o C, 5% CO 2 , 80% humidity). After attaining cell concentration of 10 6 cells/ml culture, the cells were subcultured at a ratio of 1:3. The cells were counted in a Goryaev's chamber.
MTT test. The sensitivity of HL-60 cells to ATRA was evaluated by the effect of the agent on their proliferative activity. After centrifugation, the cells were resuspended in growth medium to a concentration of 10 6 /ml and transferred to wells of 24-well flat-bottom plate (1 ml per well). In 2 h after cell seeding into the wells, 1 ml growth medium containing ATRA (Sigma) in concentrations of 200, 180, 160, 140, 120, 110, 100, 80, 60, 40, 20, and 2 µM was added so that the final concentration of ATRA was 100, 90, 80, 70, 60, 50, 40, 30, 20, 10, or 1 µM. In the control group, 1 ml growth medium was added.
The cells were incubated under standard conditions for 96 h, then, 200 µl of aqueous solution of MTT (Sigma) in a concentration of 5 mg/ml (final concentration 0.5 mg/ml) was added to each well and the plates were placed in the incubator for 3 h. After incubation, the content of the wells was carefully collected, transferred into Eppendorf test tubes, and centrifuged in a table centrifuge. Then, the supernatant was gently removed from the tubes, 100 μl DMSO (PanEco) was added, and the tubes were vortexed until the precipitate was fully dissolved. Optical density of the resultant solution was measured on an Infinite 200 PRO plate reader (Tecan) at λ=550 nm (reference measurements were made at λ=690 nm). Proliferative activity of cells was calculated by the formula D2/ D1×100%, where D1 and D2 are optical densities corresponding to cell number before and after incubation with ATRA, respectively.
Flow cytofluorometry. Expression of surface markers on cells was analyzed by flow cytofluorometry. To this end, the cells were precipitated by centrifugation and resuspended in 1 ml PBS with 1% fetal calf serum (Gibco) and 0.1% NaN 3 (Sigma) to cell concentration of 10 6 /ml; the washout procedure was repeated three times. Finally, the cells resuspended in 0.1 ml of the same solution were incubated at 4 o C for 60 min with 10 µl monoclonal antibodies directly labeled with phycoerythrin (Becton Dickinson); phycoerythrin-labeled isotypic antibodies (Becton Dickinson) served as the negative control. After precipitation and washing, the cells were resuspended in 0.25 ml of the above buffer and fixed in 0.25 ml 4% paraformaldehyde over 4 min at room temperature. Then, the cell suspension was brought to 1 ml with buffer and filtered to remove cell aggregates (30 µ-pore filter).
Analysis was performed on FACSAria III cytofluorometer sorter (Becton Dickinson). The instrument was operated and the primary data were analyzed using FACSDiva software.
Marker expression was evaluated by the fluorescence intensity histogram of the label conjugated with specific monoclonal antibodies. Ten thousand events were recorded at minimum cell suspension flow rate. To exclude noise and objects less than cells, the registration threshold for direct light scattering was set at 20,000.
Further analysis of experimental data was performed using FlowJo software. To compare fluorescence intensity of the test sample and isotypical control, the results of experimental sample and control were superimposed in the histogram mode.
Preparation of samples for proteomic analysis. HL-60 cells in the growth medium were placed in 75-cm 2 culture flasks (cell concentration 10 6 /ml, 10 ml medium), and 5 ml growth medium containing ATRA in a concentration of 150 µM (final concentration 50 µM) was added, and the flasks were incubated in a CO 2 incubator under standard conditions for 3, 24, or 96 h. After incubation, the cells were washed three times by centrifugation/resuspension in 10 ml PBS and the tubes with cell pellet were frozen in liquid nitrogen. The cells cultured without ATRA were used as the control corresponding to time point 0.
Lysis of cells and isolation of nuclear fraction. Nuclear fraction proteins were isolated by chemical extraction [16] . Tubes with HL-60 cell pellet were thawed, 300 µl cold lysing buffer containing 10 mM HEPES-NaOH (pH 7.9), 1.5 mM MgCl 2 , 10 mM KCl, 0.5% NP-40, 0.1 mM EDTA, and complete protease inhibitor cocktail (Roche) was added, the tubes were incubated for 15 min on ice and centrifuged for 10 min (6000 rpm) at 4 o C. The supernatant containing the cytosolic fraction was collected and stored for further analysis. The obtained pellet containing nuclei was washed twice with lysing buffer without NP-40. For isolation of nuclear fraction, extraction buffer containing 20 mM HEPES-NaOH (pH 7.9), 25% glycerol, 1.5 mM MgCl 2 , 420 mM NaCl, 0.1 mM EDTA, and protease inhibitor cocktail (Roche) was added, the tubes were incubated for 30 min on ice and centrifuged for 10 min (6000 rpm). The supernatant containing the nuclear fraction was collected and stored for further analysis.
Total protein concentration in samples of each fraction was measured by the colorimetric method with bicinchonic acid (BCA) using commercial Pierce BCA Protein Assay Kit (Pierce) according to manufacturer's recommendations.
Preparation of cytosolic and nuclear fraction proteins for mass spectrometric analysis. Hydrolysis of proteins was carried out according to FASP Protocol (Filter-Aided Sample Preparation) [24] . Protein mixture aliquots (100 µg) were placed in YM-10 Microcon device concentrating filters (Millipore). The samples were washed by adding 200 µl buffer containing 8 M urea with addition of 100 mM tris HCl (pH 8.5) followed by centrifugation at 11,000g for 15 min at 20 o C. The washing procedure was repeated 3 times. The samples were then alkylated. To this end, the material was placed in concentrating filters,100 µl alkylating solution containing 50 mM iodacetamide was added, the mixture was incubated for 30 min at 25 o C with shaking (600 rpm), and then precipitated for 15 min at 20 o C. After alkylation, the samples were washed twice with 200 µl buffer followed by centrifugation at 11,000g for 40 min at 20 o C. To samples in concentrating filters, 40 µl buffer for trypsinolysis containing 100 mM solution of tetraethylammonium bicarbonate (pH 8.5); then, trypsin solution was added to each sample (total weight of the enzyme/total mass protein weight 1:100 and incubated fovernight at 37 o C. After incubation with the enzyme, peptide samples were centrifuged at 11,000g and 20 o C for 15 min and the filtrate was collected. The filters were then washed with 30% formic acid by centrifugation at 11,000g and 20 o C for 15 min and the filtrates were also collected. The peptide mixtures obtained for the cytosol and nuclear fractions was lyophilized on a rotary concentrator and dissolved in 100 µl 0.1% formic acid. The resultant samples were analyzed by mass spectrometry.
Liquid chromatography mass spectrometry. Liquid chromatography mass spectrometry was performed for each experimental time point in 5 technical repeats. The peptide mixture was applied on concentrating Zorbax 300SB-C18 column (5 mm×0.3 mm; particle diameter 5 µ; Agilent Technologies) and mobile phase C for concentration column loading and washout (5% acetonitrile in 0.1 % formic acid and 0.05% trifluoroacetic acid) was supplied at a flow rate of 3 µl/min over 5 min. The peptides were separated on a Zorbax 300SB-C18 analytical column (3.5 μ, 150 mm×75 μ; Agilent Technologies) using mobile phase B gradient (80% acetonitrile in 0.1% formic acid) at a flow rate of 0.3 μl/min. The following parameters of acetonitrile gradient were used: the analytical column was washed with mobile 5% phase B for 5 min, after which the concentration of mobile phase B was linearly increased to 60% over 80 min and to 100% over the next 5 min; then, the analytical column was washed with 100% mobile phase B for 10 min, after which the concentration of mobile phase B was reduced to 5% over 5 min, and during the next 15 min, the analytical column was equilibrated with 5% mobile phase B.
Mass spectrometry was performed on an Оrbitrap Velos hybrid mass spectrometer (Thermo Fisher Scientific) with orbitrap mass analyzer. The maximum time of accumulation of 10 6 ions for MC-scanning with resolution of 30,000 (for m/z=400) in the m/z range of 300-2000 in the positive ionization mode was 50 msec. Five most intense ions recorded in the MS-scan were selected for further fragmentation, if their absolute intensity exceeded 5000 rel. units. HCD fragmentation mode with normalized collision energy of 35% was used. Dynamic exclusion from tandem analysis was applied: the duration of exclusion was 90 sec after the ion was fragmented at least once and MS/ MS-spectrum was acquired over 30 sec. The list of exclusion consisted of 500 ions. The maximum time of accumulation of 5×10 4 ions for MS/MS-scan acquisition with resolution of 7500 (for m/z=400) in the m/z range of 300-2000 in the positive ionization mode was 100 msec.
The recorded mass spectrometric data were processed using MaxQuant 1.5.5.0 (Max Planck Institute of Biochemistry).
Protein identification and relative quantitative analysis based on the area under the peak of the parent precursor ion. The proteins were identified using MaxQuant 1.5.5.0 software with Andromeda algorithm, FASTA file containing amino acid sequences of human proteins (29-03-2016), and FASTA file with inverted sequences to calculate the frequency of false positive identification (FDR). Carbamidomethylation of cysteine and oxidation of methionine were used as fixed and variable modifications, respectively. The tolerance for parent and daughter ions was 20 ppm.
For proteins and peptides, the threshold FDR was set at 0.01.
The quantitative analysis was carried out on the basis of area under the peak of the parent ion with calculation of LFQ (label-free quantification intensity) using built-in MaxQuant algorithm [5] . Statistical analysis was performed using Perseus 1.6.0.7 software (Max Planck Institute of Biochemistry). Mass spectrometry data for all experimental points (0, 3, 24, and 96 h) were compared. In addition, the data obtained at the experimental points 3, 24, and 96 h were pairwise compared with the control point 0 h. Heat maps reflecting changes in the expression of genes of proteins differentially expressed throughout the differentiation period were constructed.
The functional annotation was performed using GeneOntology Biological Process module and geneXplain platform software. Functional annotation groups containing at least 20 proteins (p<0.005) for the cytosol fraction and 7 proteins (p<0.005) for the nuclear fraction were considered.
RESULTS
Effect of ATRA on cell proliferation. The effect of ATRA on proliferation of HL-60 cells was assessed using MTT test based on the ability of mitochondrial dehydrogenases in live, but not dead cells to convert water-soluble yellow MTT into insoluble purple-blue intracellular crystals of MTT-formazan. As optical density (D) at 540-570 nm of formazan dissolved in DMSO is proportional to the number of viable cells (n), MTT-test can be used to assess viability and proliferation of cell cultures in situ [7] .
First, we studied the effect of ATRA on proliferative activity of HL-60 cells (Fig. 1) . It was found that the presence of low concentrations of ATRA (1-30 mM) in the medium did not affect cell proliferation. After increasing ATRA concentration above 30 µM, the number of viable cells decreased and reached minimum at ATRA concentration of 70 µM. ATRA in concentrations of 70 µM produced a pronounced cytotoxic effect; no viable cells were found in these cases. It is known that HL-60 cells lose proliferation capacity after differentiation into granulocytes. Thus, our primary task was to determine the concentration of ATRA that inhibited cell proliferation, but did not produce pronounced cytotoxic effect. Our findings suggest that ATRA in our experimental model was most effective in a concentration of 50 µM, because the number of viable cells in this case remained almost unchanged over 96 h of the experiment.
Changes in the expression of CD11b and CD14 in HL-60 cells under the influence of ATRA. To confirm that ATRA in a concentration of 50 µM does induce differentiation of HL-60 cells, we studied changes in the expression of CD11b and CD14 marker molecules on their surface under the influence of ATRA (Fig. 2) . Simultaneous expression of CD11b (complement receptor 3) and CD14 (a component of the receptor complex CD14/TLR4/MD2 recognizing LPS) is a characteristic feature of mature granulocytes. Unlike native cells, cells cultured in a medium with 50 µM ATRA demonstrated high expression of these markers, which indicated their differentiation towards granulocytes [17] .
Changes in proteome of HL-60 cells during ATRA-induced differentiation. In the proteomic analysis of HL-60 cells at different stages of granulocytic differentiation, nuclear proteins are particular interest, because this particular compartment functions as a regulatory center of eukaryotic cells. Nuclear proteins include proteins of the nuclear matrix, transport system of the nucleus, and transcription factors. The latter are molecules involved in the regulation of gene expression. They can play a role in the formation of various pathologies, including tumors [22] . In the context of promyelocytic leukemia, the role of nuclear proteins as the key regulators of cell fate suggests that studies of nuclear proteome is a promising field for the search of potential targets for new drugs [25] .
We performed comparative liquid chromatography mass spectrometry of nuclear and cytosolic fractions of HL-60 cells at different stages of their ATRAinduced differentiation (0, 3, 24, and 96 h from the start of the experiment). A total of 1162 proteins (at least by two peptides) were identified. The analysis of mass spectrometry data revealed 172 differentially expressed proteins in the cytosolic fraction (FDR<10 Differentially expressed proteins of nuclear fraction. In the analysis of protein expression in nuclear fractions two main clusters can be isolated in all time points: by 96 h of cell differentiation, expression of 31 proteins increased under the action of ATRA and expression of 5 proteins decreased (Table 1) .
Among the proteins whose content increased, special attention deserved SRSF1 (serine/arginine-rich splicing factor 1), SARS protein (serine tRNA-ligase) that interacts with VEGFA promoter in the nucleus preventing its binding to the proto-oncogene c-ICC [14] , protein CLIC1 (chloride intracellular channel protein 1) involved in the regulation of the cell cycle [21] , and ALOX5AP protein involved in the synthesis of leukotrienes [6] . According to the Uniprot database annotation, these proteins are located in the nucleus or its membrane.
Among proteins whose content, on the contrary, decreased, protymosin alpha (PTMA) involved in the functioning of the immune system, SND1 protein (Staphylococcal nuclease domain-containing protein 1), a phase transcription factor that regulates STAT6, MYB, and EBNA2 [19] , and DNA-and RNA-binding protein NONO (Non-POU domain-containing octamer-binding protein) capable of regulating transcription [15] are worthy of note. According to the Uniprot database, these proteins are located in the nucleus.
Proteins whose content uniquely varies at different stages of differentiation (Fig. 5) . The results of pairwise comparison of the data of mass spectrometric analysis of samples obtained at each time point with the control are presented in Table 2 . In 3 h after the addition of ATRA, the content of 16 proteins in the nuclear fraction, including regulators of alternative splicing, DNA repair and apoptosis, changed by more than 3 times in comparison with the control. According to the Uniprot 13 database annotation, these proteins were located in the nucleus. Of particular interest is protein UBE2V1 (CROC1) mediating activation of C-Fos proto-oncogene transcription [13] . It is involved in DNA reparation and affects cell cycle and differentiation. This protein is also involved in activation of NF-κB mediated by IL-1β, TNF, TRAF6, and TRAF2.
In 24 h after the start of differentiation, 9 unique differentially expressed proteins were revealed in the nucleus, including nucleotide exchange factor (BAG2), deubiquitinylation regulator (SHMT2), and MAPK signal pathway activator (CNDP2). The latter was shown to participate in the development of gastric cancer [27] .
In 96 h, 110 proteins were uniquely differentially expressed in the nuclear fraction; 17 of them are involved in the functioning of the immune system: S100P, S100A8, SFPQ, S100A9, PKM1, CAPZA2, SERPINB1, CXCL8, ICAM1, CCL2, ANXA1, PRK-DC, PSMB8, MYO1G, RPS17, PSPC1, and PTPRC (GO annotation, categories Biological process; Uniprot database). Thus, the content of CXCL8, a factor involved in neutrophil activation [20] , was elevated by more than 6 times (FC=6.46). Proteins SFPQ and PSPC1 form a heterodimer that is a component of the nuclear paraspeckles [29] . We observed parallel reduction in the content of both components of the heterodimer (FC SFPQ=0.16 and FC PSPC1=0.22). Interestingly, the content of proteins involved in DNA replication and repair (MCM3, MCM4, MCM7, MCM5, DDX18, MCM6, FUS, NOLC1, DDX21, MCM2, SSRP1, PRKDC, PARP1, TOP2B, BUB3, and RPA1) was also reduced by more than 5 times. By the end of differentiation, proteins exhibiting activity of transcription factors were detected in the nuclei: UBTF (FC=0.21), EDF1 (FC=0.25), GTF2I (FC=0.25), RBMX (FC=0.25), and FUS (FC=0.1).
Our results confirm the general hypothesis that ATRA-induced differentiation of HL-60 cells is accompanied by significant changes in the content of various proteins involved in the regulation of gene expression in the nucleoplasm of these cells. The use of high-resolution comparative chromatography-mass spectrometry allowed us to identify some proteins that potentially can modulate development of tumors, including OPL. We referred to protein descriptions in Uniprot database, one of the most relevant protein databases. Deciphering of the mechanisms of action of the detected functionally active protein molecules as well as profound study of proteins, whose functions are currently unknown were beyond the scope of our study. Nevertheless, our results are of utmost interest, because they help to narrow the search for potential molecular targets for targeted anti-leukemia therapy.
The study was supported by the Russian Science Foundation (grant No. 17-75-10201) with the use of the Human Proteome Common Use Center (Institute of Biomedical Chemistry) supported by the Ministry of Education and Science of the Russian Federation (unique project identifier RFMEFI62117X0017). 
